Abstract: Directed evolution of enzymes as enantioselective catalysts in organic chemistry is an alternative to traditional asymmetric catalysis using chiral transition metal complexes or organocatalysts, the different approaches often being complementary. Moreover, directed evolution studies allow us to learn more about how enzymes perform mechanistically. The present study concerns a previously evolved highly enantioselective mutant of the epoxide hydrolase from Aspergillus niger in the hydrolytic kinetic resolution of racemic glycidyl phenyl ether. Kinetic data, molecular dynamics calculations, molecular modeling, inhibition experiments and X-ray structural work for the wild-type (WT) enzyme and the best mutant reveal the basis of the large increase in enantioselectivity (E = 4.6 versus E = 115). The overall structures of the WT and the mutant are essentially identical, but dramatic differences are observed in the active site as revealed by the X-ray structures. All of the experimental and computational results support a model in which productive positioning of the preferred (S)-glycidyl phenyl ether, but not the (R)-enantiomer, forms the basis of enhanced enantioselectivity. Predictions regarding substrate scope and enantioselectivity of the best mutant are shown to be possible.
Introduction
Directed evolution has emerged as a powerful means to engineer the properties of enzymes as catalysts in synthetic organic chemistry and biotechnology. 1 It is based on repeated rounds of mutagenesis, expression and screening (or selection). The properties that have been targeted include enhanced robustness in hostile organic solvents, 2 higher thermostability 3 and increased enantioselectivity. 4 Several challenges accompany these studies. In addition to methodology development necessary for making directed evolution more efficient and less labor-intensive than in the past, 1,4d,5,6 the need to understand the basis of catalyst improvement on a molecular level is likewise important. This kind of knowledge also deepens our understanding of how enzymes function as catalysts. Explanations for improved thermostability of proteins have been reviewed, 3, 7 new hydrogen
Formula 1
The substrate rac-1 was first modeled into the narrow tunnel-like binding pocket of the WT ANEH as revealed by its crystal structure, 20 In the original study, the pathway B→C→D→F→E (with a total of nine amino acid substitutions) led to the highly enantioselective mutant LW202 (E-value = 115); see Figure 2 . 18 Other pathways were not explored at the time, nor were attempts made to explain the results on a molecular level. The present study addresses the latter question. We report kinetic data for the WT ANEH and mutant LW202,
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accompanied by MD calculations at all five intermediate stages of the evolutionary pathway. This allows us to propose a model explaining the reasons for enhanced enantioselectivity, which we validated by comparing the X-ray structures of the WT and the best mutant LW202, and by applying docking procedures based on the 3D data. 
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Results and Discussion
Kinetic Data. Following introduction of a C-terminal His-tag in the best mutant LW202, purification was performed using an affinity column. In a final step the mutant was eluted as a single homogeneous (dimeric) peak on gel filtration. Kinetic studies of the model reaction utilizing (R)-1 and (S)-1 separately were then carried out, and the data fit to the Michaelis-Menten equation. The results with the best mutant LW202 as catalyst are shown in Figure 3 , which demonstrate the pronounced preference for (S)-1 in an almost perfect kinetic resolution. The k cat -and K M -values for both enantiomers of substrate 1 were also determined for WT ANEH.
The results summarized in Table 1 reveal two important features. Firstly, the mutational changes in going from the WT to LW202 reduce the k cat/ K M -values considerably. Indeed, the screening system was devised for optimizing enantioselectivity, not activity. 18 Secondly, comparison of the k cat /K M of LW202
for the reaction of the favored (S)-substrate with that of the disfavored reaction involving the (R)-
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enantiomer again shows the significant degree of preference. The selectivity factor derived from the kinetic data is E = 193, which is even higher than the previously reported value of 115 based on the Sih equation; 21 the value for the WT is also slightly lower. This difference is probably due to the use of whole cells in the earlier experiments versus isolated enzymes in the present kinetic study. 23 Based on mechanistic studies and on the X-ray structure of WT ANEH 20, 22 , it was deduced previously that two tyrosines at positions 251 and 314 bind and concomitantly activate the substrate by forming hydrogen bonds at the epoxide Oatom, and that Asp192 then initiates the rate-determining nucleophilic attack at the sterically less hindered C-atom, resulting in ring opening and the formation of a covalently bound ester intermediate (Scheme 1) . 20, 22 In the second (fast) step the intermediate reacts with water, which is activated and positioned by the spatially close His374. This hydrolysis closes the catalytic cycle.
Scheme 1.
Reaction mechanism of ANEH.
20,22
To study how the activated (R)-and ( 
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We surmised that a sufficiently small d-value could correspond to a near-attack-conformer as discussed by Bruice in other enzyme-catalyzed reactions, 24 or more generally to a productive position, and that consequently, this distance should be shorter in the case of the preferred enantiomer. MD calculations using the force field MAB/DAB 25 We analyzed all recorded 1ns trajectories for several properties, including energies, distances and angles (data not shown). The results of these calculations are summarized in Table 2 . 
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The most significant finding is the clear correlation (R 2 = 0.86) between the measured E-values and the differences in the modeled distance, ∆d (Figure 4 ), for the two enantiomers. In the WT the Δd-value is expected to be only 0.8 Å, with the preferred (S)-enantiomer slightly closer to the attacking Asp192.
In the case of the highly enantioselective LW202, the situation is strikingly different; here Δd has increased to 1.6 Å. For the preferred (S)-1, the value for d does not change substantially when going from WT ANEH to the best mutant LW202, remaining near 3.8 Å, but the activated (R)-substrate is positioned much further away (d = 5.4 Å) , which disfavors ring-opening nucleophilic attack (Table 2) .
Thus, structural changes in the binding pocket imposed by the evolutionary process are predicted to make it much more difficult for the disfavored enantiomer to experience activation by the two tyrosines and at the same time to be positioned close enough to Asp192 for rapid nucleophilic attack to proceed.
In summary, our analysis suggests that the enhanced enantioselectivity is due primarily to a reduction in the rate of reaction of (R)-1, which is in agreement with the kinetic study. We also predict some flexibility in side-chain conformations that appears significant for epoxide binding. This is most prominent for the residues around the phenyl ring of the substrate, e.g. Leu215,
Leu249, Thr317, Thr318 and Cys350 of WT ANEH, which show different conformers for the two bound enantiomers in our MD-simulations. In the final mutant LW202, all are replaced by more hydrophobic (and generally larger) amino acids (Phe215, Tyr249, Trp317, Val318 and Val350). The above mentioned hydrophobic box is maintained, as is the ideal positioning of the favored (S)-substrate in the binding pocket.
S11
Our model is also useful in rationalizing further data that were recently acquired concerning LW202 as a catalyst in the hydrolytic kinetic resolution of rac-1, specifically the results of a deconvolution study. 27 In that investigation the five sets of mutations which successively accumulated in the chosen pathway B→C→D→F→E were combined in all permutational ways with the construction of a fitness landscape characterized by the 5! = 120 possible trajectories linking the WT with LW202. New mutants were obtained by this procedure, without introducing more amino acid exchanges. In the present study we performed a computational analysis of this deconvolution dataset by calculating ∆d-values and comparing them to the experimentally obtained enantioselectivities. 27 Figure 6 shows that our model once again leads to an acceptable correlation (R 2 = 0.80).
E-value
Δd Figure 6 . Correlation of MD calculations (∆d) with the experimental E-values of the deconvolution dataset 27 considering all combinatorial dissections of the five mutant libraries B to F, the model reaction being the hydrolytic kinetic resolution of rac-1 catalyzed by ANEH mutants.
All combinations of sets of mutations obtained in the earlier study 27 can be analyzed on the basis of the proposed model. For example, this leads to an understanding as to why the set of mutations obtained at site B (Leu215Phe/Ala217Asn/Arg219Ser) acts cooperatively with that found at site E (Thr317Trp/ Thr318Val) resulting in an E-value of 38. 27 The two sites are located on opposite sides of the entrance to the funnel-like binding pocket (Figure 1 ), and the side-chains of the respective amino acid residues are S12 expected to interact with the relatively bulky phenyl substituent of substrate rac-1. In the case of the disfavored (R)-substrate, the model predicts steric pressure on the phenyl group from residues of the mutants remote from the actual stereocenter. This effect is further enhanced by other combinations, e.g., with changes at site D (Cys350Val) leading to the best triple combination BDE with an E-value of 53. 27 Although all of the mutated sites are next to the binding pocket, they are fairly far away from the actual stereocenter at position C2 in the oxirane ring. This steric stereocontrol-mechanism as part of our model also allows the prediction of substrate acceptance (see Section on Substrate Scope of Mutant LW202).
X-Ray Structural Analyses.
The above model appears plausible, but it lacks direct structural support. As noted above, the X-ray structure of WT ANEH in the absence of a substrate or an inhibitor was already available. 20 In the present study we report the structure of WT ANEH bound to the inhibitor valpromide (3) 28 at 2.1 Å resolution ( Figure 7 ). Binding studies indicate a measured K i of 250 μM for this compound. with Leu349, which shows the largest movements in the active-site area.
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The amide oxygen of 3 forms short, strong (2.4 to 2.6 Å) hydrogen bonds to Tyr251 and Tyr314. Its amide H 2 N-moiety forms two hydrogen bonds to Asp192, and one to the main-chain carbonyl oxygen of residue 117 (a component of the oxyanion hole). Significant movements of the main-and side-chain (up to 1.7 Å) are observed at Leu349 (a motion not predicted by the MD studies), which are needed to accommodate one of the two aliphatic "arms" of the inhibitor. Otherwise, the structure is very similar to that of WT ANEH lacking an inhibitor or substrate (rms difference of 0.2 Å when all Cα atoms are compared). It is also worth noting that the mode of binding of 3 observed here is different from that observed for the potato epoxide hydrolase (19% amino acid sequence identity). 30 Although in both cases the amide H 2 N-moiety interacts with the aspartate nucleophile, the other groups are arranged differently.
This arises from changes in the shape of the binding pocket; in the potato enzyme, the aliphatic groups are bound in an extra cavity that is blocked in ANEH.
Obtaining the crystal structure of the best mutant LW202 was considered to be even more important. Efforts to grow crystals with the inhibitor 3 were not successful. However, it was possible to solve the ligand-free structure of LW202 at 1.5 Å resolution (Figure 8 ), and therefore to compare it to the WT ( Figure 1 ). As for WT ANEH, the asymmetric unit was found to contain two independent copies of the protein, which will be referred to as molecules A and B. Unless stated otherwise, the two molecules can be assumed to be equivalent in the following analysis. The gross structural features of LW202 are the same as in WT ANEH without bound ligand (rms difference 0.3 Å when all Cα atoms are compared). However, comparison of the respective binding pockets reveals significant differences.
The catalytic residues are unperturbed, but other residues of the binding pocket are dramatically different. In addition to the changes that originate directly from the differences of size and character in the residues mutated, the side-chain of Phe196 has a different conformation as a secondary effect of the Thr317Trp mutation. The phenyl group points in a different direction to provide space for Tryp317.
Interestingly, the conformation of Leu349 is more similar to that in the WT ligand-free enzyme, rather than to that with bound valpromide (3). The increased bulk of residues 215 and 317, in particular, in the mutant is expected to prevent binding of compound 3 at the position observed for the WT, due to steric clashes with one of its aliphatic "arms". Molecule B of the mutant structure LW202 has an extra disordered loop (residues 222−229); otherwise all structures have a single disordered loop at residues 319−329. Given that the usually high degree of S15 flexibility of the mutant structure could conceivably be linked to a loss of stability, it should be noted that the thermostability of ANEH is not compromised when going from the WT to the mutant LW202. 31 Additional electron density in the active sites of both molecules in the asymmetric unit could be assigned to formic acid originating from the crystallization solutions. The bound formic acid forms strong interactions with the nucleophile Asp192, as well as the two catalytic tyrosines.
Manual Docking Experiments. The observed flexibility makes it difficult to do meaningful automated docking studies for the mutant, since it is not reasonable to test all possible sets of relevant conformations in the procedure. We therefore attempted to interpret the pronounced increase in enantioselectivity observed upon going from WT ANEH to the mutant LW202 by manually docking the enantiomeric substrates into the X-ray structures of WT ANEH and LW202, respectively, and compared the results with the predictions made earlier based on MD calculations performed before structural data for the mutant were available (Table 2; Figure 5 ). Using the X-ray structure of WT ANEH hosting 3 and 
a) b)
S16 Figure 9 . a) Empty binding pocket of WT-ANEH based on the X-ray structure of the valpromide-bound form; b) Empty binding pocket of mutant LW202 based on the X-ray structure of the ligand-free form.
In red is shown the catalytic Asp192, and in yellow, the activating couple Tyr251/Tyr314; A-F indicate the respective randomization sites for CASTing (note that site A was not included in the current evolutionary pathway B→C→D→F→E).
Manual docking of the two enantiomeric substrates (S)-and (R)-1 into the binding pockets of WT ANEH and LW202 (molecule A), so that activation by Tyr251/Tyr314 and optimal positioning with respect to the nucleophile Asp192 are ensured, proved to be revealing (Figures 10a−d) . In the case of the preferred (S)-enantiomer, the substrate fits easily into the WT ( Figure 10a ) and into LW202 ( Figure   10c ) without any energetically unfavorable steric interactions. In contrast, the disfavored (R)-enantiomer fits well into the binding pocket of the WT (Figure 9b ), but not into that of the mutant LW202 ( Figure   10d ). Severe steric clashes between the substrate and the mutated residues, especially at sites B and E, make productive binding essentially impossible in the latter case. This is consistent with the prediction of the MD simulations (see above) that the binding mode of the disfavored (R)-enantiomer changes when going from WT ANEH to mutant LW202, resulting in an unproductive substrate orientation.
Thus, this structure-based analysis and the MD calculations are both in accord with the kinetic data. Inhibition Studies. At this stage we returned to the structure-based prediction that valpromide (3) should not be a good inhibitor of mutant LW202. Experiments in the presence of substrate (S)-1 led to an estimated K i of 2.5 mM, i.e., 10-fold weaker binding than was observed for WT ANEH. The compound has two enantiotopic n-propyl groups ("arms"), which in a chiral protein environment turn into diastereotopic groups. One of them corresponds to the CH 2 OPh substituent of the favored (S)-1, and the other to the CH 2 OPh substituent of the disfavored (R)-1. The n-propyl groups, like the CH 2 OPh moiety, have rotatable bonds, but the positions of the first C-atoms are spatially fixed (in the case of 1, it is the stereogenic center). In a sense, valpromide combines stereochemical features of both enantiomers S18 of the actual substrate 1. Thus, in the same way that the mutant LW202 does not (readily) accept (R)-1 in a manner that ensures hydrogen bonding with Tyr251 and Tyr314 and a close distance to the nucleophilic Asp192, compound 3 is a poor inhibitor. This led us to test valeramide (4), which to the best of our knowledge, has not been used as an inhibitor of epoxide hydrolases. 28 The compound lacks one of the "arms" present in 3, and due to the free rotation at the α-carbon should be capable of rapid repositioning of the alkyl group to suit the steric requirements of the chiral enzyme pocket of mutant LW202, while maintaining the required hydrogen bonds to the two tyrosines (251/314), and Asp192. This is analogous to the accepted (S)-1 and in contrast to its enantiomer (R)-1. Indeed, very efficient inhibition in the reaction of (S)-1 catalyzed by LW202 was observed (K i = 0.075 mM). These observations support our previous conclusions regarding the reasons for enhanced enantioselectivity.
Formula 2
Substrate Scope of Mutant LW202. One of the goals of this study was to provide the practicing chemist with guidelines as to the potential use of the mutant LW202 as a catalyst in the hydrolytic kinetic resolution of other epoxides. Our model led us to predict that LW202 should be more enantioselective than WT ANEH in reactions involving mono-substituted substrates, and that 1,2-disubstituted epoxides should react slowly, if at all. We therefore tested the mutant LW202 and WT ANEH using a number of structurally different epoxides 23, 33 and compared the experimental data with expectations resulting from our model. A variety of mono-substituted epoxides 5−9 as well as the transdisubstituted substrate 10 were used. 
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The results summarized in Table 3 show that a given mutant, specifically evolved for a single model compound, can in fact be used as an effective catalyst in the reaction of other substrates without resorting to additional protein engineering, although the degree of enantioselectivity is not always as high as in the original model reaction using rac-1. The traditional credo in directed evolution, 1 "You get what you screen for," can be extended by the corollary, "You may get more than what you originally screened for". 32 In all cases involving mono-substituted epoxides we observe, as predicted, substantially increased E-values relative to the performance of WT ANEH (Table 3 ). In the case of 1,2-epoxyoctane (Table 3) . MD simulations were also performed with styrene oxide (7), which also led to a prediction that mutant LW202 should be more enantioselective than WT ANEH (E = 40 versus E = 20, respectively). However, this is a special case because of the activating influence of the phenyl group, which may to some extent guide nucleophilic attack to the benzylic position of the substrate; this requires further experimental and theoretical work for a sound analysis. In the case of the transdisubstituted epoxide 10, our expectation that this substrate should not react with a reasonable rate was likewise corroborated by MD simulations. Activation by Tyr251 and Tyr314 as well as correct positioning with a d-value of about 3.5−4 Å proved not to be possible. Indeed, epoxide 10 was found not to react under the standard reaction conditions (Table 3 ; see also Supporting Information).
Conclusions
We have analyzed, on the basis of kinetics, MD calculations, X-ray structures and molecular modeling, the underlying factors responsible for the enhanced enantioselectivity of an epoxide hydrolase mutant generated by directed evolution. The model reaction concerns the hydrolytic kinetic resolution of a chiral epoxide (glycidyl phenyl ether) catalyzed by the epoxide hydrolase from
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Aspergillus niger (ANEH). The WT has a selectivity factor of only E = 4.6 in slight favor of the (S)-enantiomer, while the mutant LW202 previously evolved stepwise in five stages is a highly enantioselective catalyst (E = 115), 18 in this particular case matching or surpassing the performance of other epoxide hydrolases 23, 34 and synthetic transition metal catalysts. 35 The kinetics reported here show that as a result of directed evolution, k cat /K M of the disfavored (R)-glycidyl phenyl ether is reduced much more than that of the favored (S)-glycidyl phenyl ether, thereby explaining the observed greatly enhanced enantioselectivity. Extensive MD simulations based on structural data for the WT enzyme identified the underlying reasons for the increasing enantioselectivity at each stage of the evolutionary process, allowing us to propose a viable model for the stereochemical course of the transformation: The preferred (S)-substrate is positioned ideally in the binding pocket for the reaction to occur, while the disfavored (R)-enantiomer is not. These conclusions were validated by molecular modeling using newly acquired X-ray structural data for both the WT and evolved mutant enzymes.
This study underscores the importance of obtaining structural data for both the WT enzyme and mutants when attempting to rationalize from the results of directed evolution. Indeed, this is the first time that X-ray structural data of an evolved enantioselective enzyme has become available, thereby allowing the kinetic results and the increase in enantioselectivity to be interpreted on a molecular level.
It should be noted that the phenomenon responsible for enhanced enantioselectivity in the present case is quite different from the underlying factors identified in the case of an evolved lipase (see Introduction), where the rate of reaction of the preferred enantiomer was increased as a result of mutational changes. 8−10 The contrasting scenarios probably originate in the different nature of the respective screening systems; the assay of the lipase system measures rate and enantioselectivity simultaneously. 8, 9 Another interesting observation is that although the evolved enantioselective mutant LW202 shows greater flexibility relative to the WT, thermostability is not compromised.
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The lessons learned from this directed evolution study also allows us to make reasonable predictions regarding the substrate scope of this particular evolved variant. Indeed, we have shown experimentally that it is possible to "get more than what you originally screened for", and just as S22
importantly, that the model provides a practical basis for anticipating the substrate scope in which useful levels of enantioselectivity can be expected.
Finally, this research demonstrates that enantioselectivity is a sensitive probe when studying the mechanisms of enzymes. In the present case, the basic features of the mechanism of epoxide hydrolases had already been established (Scheme 1), 20,22,23,24b,34 but now the fine details have been revealed.
Knowledge of the precise positioning of the reacting substrate in the binding pocket of epoxide hydrolases is crucial for a deeper understanding of how these enzymes function. and 3G02].
Purification of His tagged ANEH
E. coli SG13009 (Qiagen, Les Ulis, France) was transformed with plasmid extracted from a single colony culture of DH5a. Selected transformants were grown and the enzymes produced as described in the QiaexpressTM System manual (Qiagen). Overnight cultures were harvested and cells suspended in 20 mM sodium phosphate, pH 7.4, 20% glycerol and 500 mM NaCl. Bacterial lysis was performed using a French press. Clarified lysate was first filtered using a 0.22 mm filter and then loaded on 1 mL
HisTrapTM HP affinity column (GE Healthcare, Uppsala, Sweden). His-tagged enzyme was eluted with an imidazole gradient using HPLC and the purity checked on SDS/PAGE. The resulting solution was further passed over a SuperdexTM 200 10/300 GL (GE Healthcare) gel-filtration column previously equilibrated with 10 mM Tris-HCl, 20 mM NaCl and 1 mM EDTA buffer with the final pH 7.4. The A.
niger epoxide hydrolase was eluted as a single homogeneous peak. The purified protein was analyzed by SDS/PAGE, followed by Coomassie Blue staining and immunoblotting.
Typical procedure for hydrolytic kinetic resolution
In a 50 mL reactor, the appropriate amount of epoxide hydrolase (WT ANEH (0.1−1.25U against styrene oxide) * or mutant LW202 (0.5−7U against styrene oxide) * ) was dissolved in a phosphate buffer (10 mL, 50 mM, pH7). Pure racemic epoxide (e.g., 5, 6 or 9), dissolved in ethanol (500μL), was then added (final epoxide concentration about 10 mM), and the mixture was stirred at 25 °C for about 1−2 hours. The kinetic resolution was followed by withdrawing aliquots (500 μL) from the reaction medium at different time intervals. These were saturated with NaCl and extracted with ethyl acetate (500 μL).
The enantiomeric excess of the remaining epoxide and the formed diol were directly determined by chiral GC or HPLC analysis, from which the E-values were determined. For the resolution of 7 and 8, the same procedure was used except that the substrate concentration was lower (final epoxide concentration 4−6 mM). Epoxide 10 did not show any turnover under these conditions. *) Mateo, C.; Furstoss, R. Anal. Biochem. 2003, 314, 135−141 . 
Kinetic analysis
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